A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
5 beneath seismic profile is determined by linear inversion of Bouguer anomaly. The structures resolved by this procedure are interpreted in terms of subduction and asthenosphere upwelling.
2-Data set
From and its perturbation (Crespi et al., 2007; Panza et al., 2010) . Each seismograph consists of a CMG-3TD 120 sec three-component Guralp sensor and CMG-DM24 data loggers belong to Cambridge University. The data were continuously sampled at 100 samples per second and stamped with GPS time.
The interstation distance varies between 20 km and 100 km with an averages ~30 km.
The interstation distance is smaller (~20 km) than average in the NE continental collision zones, i.e., Kopeh Dagh and Binalud Mountain ranges, where strong lateral variation in the crustal thickness are expected, and is larger (~50-100 km) in Central Iran which is a less deformed tectonic block. The limited number of seismic instruments and the different logistic situation of Central Iran which can be extremely hot and sandy made it difficult to finding the suitable station location in this area and resulting in larger interstation distance there.
To expand our study area, we used data from Zagros profile (Paul et al., 2006) , primarily using the data from the medium and broad-band stations. The average interstation distance of selected stations of this profile was ~35 km. The profile resulting from the merging of Zagros and NE Iran profiles, referred to as the Iran Profile, is 1200 km long and it includes 32 seismic stations ( Fig. 1 ).
We use 250 teleseismic records of earthquakes with magnitude 5.5 or greater and epicentral distances between 25° and 95° ( 
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3-Data Preparation
3-1-Calculation of P-wave Receiver Function (PRF)
For each event, a 120 s time-window centered at the direct P arrival is selected and used for the calculation of the PRF. Receiver functions are determined using the iterative deconvolution method of Ligorria and Ammon (1999) . The Gaussian smoothing factor of 1.0 is equivalent of the application of a 0.5 Hz low pass filter to the seismograms. The dataset of acceptable receiver functions were arranged with increasing theoretical back-azimuth. The PRFs calculated for stations located in a less deformed tectonic area, i.e. Central Iran, show a rather simple structure compared with those obtained from stations that are located over the mountain ranges. Some examples of the calculated PRFs are given by Motaghi et al. (2012a) .
We next stack the PRFs to improve the signal to noise ratio. Stacking is straightforward when the PRFs are similar to each other and represent the same structure. The PRFs obtained for one station can change with the variation of two parameters: 1-source-station distance, 2-backazimuth. To overcome the effect of distance on PRFs, we make a move-out correction using a simple migration technique. The basic concept is to apply a time stretching factor and amplitude scale factor to a receiver function to map it into a receiver function generated with a reference ray parameter. To consider the dependence on the back-azimuth, which is due to complicated crustal structure beneath the receiver, we group receiver function with similar P-wave delay time and stack each group separately. The individual PRFs are aligned according to the P-wave arrival and stacked and then used in the modelling of velocity structures using the joint inversion procedure.
3-2-Dispersion data
The data of the fundamental mode Rayleigh-wave group velocities are extracted from the tomographic study by Rahimi et al. (2014) . Group velocities from teleseismic events recorded at 29 permanent broad-band stations distributed coverings Iran were measured for the fundamental mode Rayleigh waves, for the 10-100 sec period range. The fundamental mode were identified using the frequency time analysis (FTAN) approach (Levshin et al., 1972; 1992) applied for
conditions (e.g., Mitchell, 1995) and the inter-station path average group velocity was calculated using Wiener deconvolution (e.g., Hwang and Mitchell, 1986) . More than 240 inter-station group velocity dispersion curves, covering all Iran Plateau, were inverted to prepare tomographic maps by applying the 2-D tomography method described by Yanovskaya and Ditmar (1990) . The tests presented by Rahimi et al. (2014) show that resolution length (the mean size of the averaging area) of the tomographic maps is mainly less than 100 km along the Iran profile. The available dispersion data in the region are discretized using a uniform 0. 
4-Inversion procedure
We briefly describe here the procedure we used to jointly invert the stacked receiver function and surface wave dispersion data. We employ the program joint96 which is available in the software package "Computer Program in Seismology" (Herrmann and Ammon, 2003) .
The damped least square method (Menke, 1989 ) is used to invert the two data sets for a S-wave velocity model. This method is a common regularization method, which searches for the "simplest" model that fits the data within the limits of its variance (Menke, 1989; Ammon et al. 1990 ). One important parameter in this method, the damping factor that balances the trade-off between model stability and resolution, has been chosen equal to 0.5. The selection of a common value for all the stations may allow some trivial features to enter in the model; however, the stability tests performed after the inversion helped to remove those features successfully.
Another important factor in the joint inversion is the factor, p, that is related to the weight given to the dispersion data in comparison with receiver function. Selecting a high value for p (close to 1) causes more weight to dispersion data in inversion. We select p=0.25 to give more weight to receiver function and find a relatively high resolution model for our study area.
The procedure used for the joint inversion is based on the linearization of a non-linear inversion problem. Based on this fact, the final model is dependent on the initial model. The drawbacks intrinsic in such problems can be minimized by considering reliable starting models obtained from other studies. The initial models used in this study are taken from Rahimi et al. (2014) who has presented a set of S-wave velocity models for each tectonic area of Iran
considered in this study (e.g. Zagros, Central Iran, and Kopeh Dagh), obtained by the Hedgehog inversion of the dispersion curves (e.g. Panza, 1981) . Since this method of inversion is nonlinear, it can take into account the non-uniqueness of the inverse problem presenting several models for each region, with an indication of their related uncertainties.
For each initial model, the linearized joint inversion is controlled by a misfit function that controls the variation of percent of fit between the theoretical and experimental receiver functions at each iteration: if the variation is less than %0.05, the process is terminated.
In such a way, we obtain a set of initial models and thus a large set of solutions for each 
5-Stability tests
We perform stability tests for each station to find the most robust velocity model that is consistent, within errors, with the observed data sets. The stability tests are made in two steps: 1-search for the "optimal" parameterization for the joint inversion, 2-regularization of the models output of the inversion procedure. The second stability test aims also to investigate if the resolution improvement is localized either in the crust or in the entire model. To answer this question, we divide the layers of the crust and upper mantle by IS/1.5 and IS/1.0 respectively (IS, or "incremental step", is the minimum thickness resolvable by the dispersion data), and compare the resultant models with those in which all layers are divided by IS/1.5. We observe that only in rare cases is the fit improved by the thinning of layers in the upper mantle.
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5-1-Search of the "optimal" parameterization
In order to find the optimal parameterization for the joint inversion, we assign to each layer of the model a thickness equal to the IS used in the non-linear inversion of dispersion measurements reported by Rahimi et al. (2014) . The IS is dependent on several parameters, including the dispersion curve error (e.g. Panza 1981 (which is chosen empirically), the new parameterization is rejected and the iterations are terminated.
The final models obtained for the four parameterizations, IS/1.0, IS/1.25, IS/1.5, IS/2.0 respectively, are presented in Figure 3 for KAM station. In most of the cases, the procedure of thinning of layers improves the fit to the receiver function up to IS/1.5.
5-2-Regularization of the inverted models
The S-wave velocity model obtained with the receiver function and dispersion data inversion is simplified to one with a smaller number of layers (model regularization). The model regularization permits identifying robust, reliable features of the models (e.g. Foulger et al., 2013) and can be summarized as follows.
The main velocity boundaries in the model are identified and then the average velocity of the layers located between those assumed boundaries is calculated. With this regularized model, by forward modelling, the synthetic receiver function and dispersion curve are computed. If the synthetic curves generally fall within the experimental error bars, the simplified model is considered the end model. Otherwise, smaller features, averaged before, are added again to the simplified model to achieve a better fit (synthetic data within the error bars). This method robustly removes the small structural details that are not really required by the observed data. surface waves sample to depth less than 350 km and the sensitivity kernels (obtained for all stations) show that the resolvable features are not deeper than 250-300 km, we limit our maximum depth of investigation to 300 km.
6-Independent geophysical constraint: gravity modeling
A powerful approach for defining realistic geophysical models is the joint interpretation of different geophysical data, or at least of one specific data set, constrained by the results of other independent geophysical data. In this section, we use the geometry of the velocity models obtained in previous section as a priori constraints for the linear inversion of gravity Bouguer anomaly data to density. The 2-D S-wave velocity model is converted to density model, keeping the layer's geometry fixed, to define the initial density model for the study area. It is well known that a range of densities is possible for rocks with a given seismic velocity (Nafe-Drake relation: Ludwig et al., 1970) . The empirical relationship between these two parameters is generally used to connect the S-wave velocity with the density, but with some uncertainty. The density anomaly is calculated by subtracting this density model from a reference density model defined as follows: where ρ i is the starting density and ρ f the final accepted value, n is the number of perturbation steps and 0.05 is our assumed density resolution.
Observed Bouguer anomaly data, used for this research, were extracted from a global gravity model called GIF48 (Ries et al., 2011) and were retrieved from the database of International Center for Global Earth Models (ICGEM).
7-Results and Discussion
The absolute S-wave velocity structure of the lithosphere-asthenosphere system beneath the Iran profile has been resolved by simultaneously inverting data from receiver functions and fundamental mode Rayleigh wave group velocity. The method generates a 1-D absolute Svelocity model beneath each station. The thickness of crust and seismic lithosphere (called lithosphere, hereafter) are extracted from each calculated 1-D velocity model and presented in Table 1 . These values are resolvable with the error in the range ±1.5 to ±3.5 km for the crust and about ±15 km for the lithosphere. These uncertainties are defined as ± half of the parameter's step at that depth (i.e., equal half of minimum thickness, found by first stability test described in section 5). The thickness of lithosphere is equivalent to the depth in which a low velocity layer is This model (Figs. 6 and 7) shows evidence for strong heterogeneities in the uppermost 300 km beneath the profile.
7-1-Variability in the crustal structure
The crustal velocity structure is presented in Figure 6 thin-skinned tectonics, the deformation becomes thick-skinned.
The Moho boundary and an interpolated crustal thickness are shown in Figures 6 and 7 by black squares connected by black dashed line, respectively. The crustal thickness is large beneath Zagros (~50 km) and it increases beneath SSZ and UDMA where it reaches its maximum ~59 km. To the north, a smooth decrease is seen at the south and middle of Central Iran, reaching its local minimum at the middle of Central Iran, ~35 km. Motaghi et al. (2012a) A C C E P T E D M A N U S C R I P T
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13 used a migration method described by Zhu and Kanamori (2000) to migrate P-to-S converted waves from the Moho boundary (extracted from stacked PRFs) to the Moho depth and report an even thinner crust ~ 27.5 km. This value is the smallest crustal thickness reported in Iran so far.
The crustal thickness, along the profile, increases beneath the north part of Central Iran and
Binalud and a local maximum (~ 55 km) at x ~ 550 km, is seen beneath the Binalud foreland (Fig. 6) (Fig 6) . The resolved intra-crustal discontinuities beside crustal roots beneath SSZ and UDMA (Paul et al., 2010) and Binalud foreland (Motaghi et al., 2012b) imply that under-thrusting of Arabian Plate in the south and over-thrusting of Turan Plate in the north respect to Central Iran are responsible for these thickenings. A schematic picture of this crustal doubling is shown in Figure 9 . Other details of this figure are discussed in the next sections. Figure 7 represents the absolute S-wave velocity structure along the profile AB (Fig. 1) down to 300 km depth, the maximum penetration depth of our data set. The depth resolution of the data set is determined by the partial derivatives (Urban et al., 1993) of the dispersion curves of the Rayleigh wave fundamental mode with respect to the shear wave velocity at different periods (Rahimi et al., 2014) . The lithosphere thickness is marked in Figure 7 by white squares.
7-2-Variability in the lithosphere-asthenosphere system
These squares show the depth in which a low velocity layer is distinguished in the obtained 1-D velocity models based on joint inversion of the PRFs and surface waves dispersion data (for instance see Fig. 3 , depth ~ 120 km). The lithosphere thickness beneath Central Iran is roughly constant and mainly varies around 130±15 km. However, beneath other tectonic areas, the lithosphere-asthenosphere boundary is not observable in most cases. Thus, we conclude that there is a thick lithosphere beneath Zagros as well as Binalud and Kopeh Dagh mountain ranges at least thicker than 200 km for Kopeh Dagh and Binalud and thicker than 240 km for Zagros.
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These limits for lithosphere thickness obtained from maximum depth in which we have sufficient resolution to resolve low velocity the asthenosphere (Rahimi et al., 2014 They observed very low temperature at this depth beneath the Zagros.
Above the anomaly in Central Iran in the upper-mantle there are two other interesting features: 1-a low velocity anomaly is located just beneath the crust (around x ~ 300 km, Fig. 7 ).
This feature is confirmed by our density modeling ( (Fig. 6 ), above the underplating zone and we interpret this high velocity anomaly as a remnant of igneous intrusion into the lower crust.
Some magmatism of the Lut block (46-25 Ma) is calcalkaline-shoshonitic, i.e., constraining the Eocene-Oligocene age and location of the Arabia subduction, when the subduction plane was located more to the NE than now, as expected in a laterally growing belt associated to a NE-directed subduction zones. Pang et al. (2012) studied the volcanic extrusions positioned around Lut block (Fig. 1) .
Using 40Ar/39Ar dating they found that volcanism around Lut block occurred from ~14 Ma to 1.6 Ma ago and has a very young origin and that the alkali basalts observed around Lut most likely have asthenospheric origin. The modeling of rare earth elements concentrations in the basalts suggests that the basalts could have been formed by low degrees of partial melting (~3-10%) of an enriched mantle source at garnet-stable depths. Magmas erupted in this setting are geochemically similar to ocean island basalts and there are no geochemical features pointing to arc-related signatures characteristic of the Iranian sub-continental lithospheric mantle (Walker et al. 2009; Pang et al. 2012 ). However, Mazhari and Safari (2013) have alternatively shown that the volcanism around the Lut block is calcoalkaline. Moreover the Zouzan pluton is one of the intrusive bodies in the NE of Lut block enclosed by Cenozoic volcanic and sedimentary rocks. It
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
17 consists of two distinct mafic and felsic magmas which are genetically unrelated. All studied rocks are calc-alkaline in nature, with LILE/REE and HFSE/REE ratios compatible with arc related magmatism (Mazhari and Safari, 2013) . Relatively high contents of incompatible elements, low Na2O and Mg#>44 suggest they were derived from partial melting of metabasalt sources in a subduction setting (Mazhari and Safari, 2013) . Therefore all this magmatism appear to be formed by partial melting in the mantle wedge in the hanging wall of the Arabian slab beneath Iran.
Our results are compatible with earlier studies -surface wave dispersion (e.g., Kaviani et 5. The presence of at least two independent ophiolite belts in Iran supports the presence of two separate ocean branches, which allowed the initiation of two NE-directed subduction zones. The southwestern one is the most active and responsible for the present seismicity,
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whereas the northern one could be a result of an earlier Mesozoic-Early Cenozoic
Cimmeride subduction. The two subduction zones are coherent with the thicker and possibly doubled lithosphere in northeastern and southwestern Iran respectively, with the intervening lithosphere which underwent Mesozoic Tethian rifting (Fig. 9) .
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